The RP2 gene is one of several genes that are regulated by androgens in the mouse kidney. Previous studies have demonstrated that androgen inducibility of RP2 transcription varies among species within the genus Mus, indicating extensive evolutionary modification of the participating regulatory elements. Thus, while a fivefold induction of transcription occurs in M. domesticus. none is detectable in M. hortulanus or M. caroli. In the present paper, we have sequenced cDNAs representing the RP2 mRNAs of M. caroli and M. saxicola and have compared them with each other and with M. domesticus. Several findings from the sequence comparisons indicate that the encoded 41-kD polypeptide is physiologically functional. First, divergence within noncoding regions of the mRNAs exceeds that within coding regions. Second, the 357-codon open reading frame has been maintained among the species, with -90% of the amino acid replacements being conservative. Finally, substitution rates at synonymous sites within the coding regions are from twofold to threefold greater than those at nonsynonymous sites. The genetic elements responsible for variations in RP2 inducibility among species were studied by cis/ trans analyses of mice heterozygous for RP2 alleles, using a primer extension assay to measure expression of species-specific mRNAs. The results show that the absence of transcriptional induction in M. hortulanus is due to a cis-acting genetic element, while that in M. caroli is due to a trans-acting element. Thus, the androgen-resistant RP2 phenotypes of these two species derive from distinct genetic events.
Introduction
The RP2 gene, which is a single-copy gene in the mouse, is located on chromosome 7 and encodes several mRNAs that are under androgen control in the kidney (Berger et al. 198 1; Elliott and Berger 1983; Snider et al. 1985) . Translation of these mRNAs generates a 4 1-kD polypeptide of unknown function (Berger et al. 198 1; Snider et al. 1985; King et al. 1986b; Tseng-Crank 1986) . Treatment of female mice with testosterone results in a fivefold induction of RP2 transcription, contributing to an overall lo-15-fold increase in the concentration of mRNA (Berger et al. 198 1; Snider et al. 1985; Watson and Paigen 1988; Rheaume et al. 1989) . At least two promoters drive the expression of RP2, only one of which is androgen inducible (Rheaume et al. 1989) . The activity of the constitutive promoter(s) dominates in untreated mice; thus, induction of mRNA derived from the androgen-responsive promoter is much greater than the lo-15-fold increase observed with total kidney RNA (Rheaume et al. 1989 ).
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While basal levels of the renal RP2 mRNAs are invariant among species within the genus Mus, induction by testosterone is species specific. A lo-15-fold induction of mRNA is found in M. domesticus and M. spretus, while a modest twofold to threefold induction is observed in M carob, M. hortulanus, and others ( Tseng-Crank and Berger 1987) ; more distantly related species, such as M. minutoides and M pahari, lack any measurable induction ( Tseng-Crank and Berger 1987 ) . We have postulated that androgen regulation of RP2 mRNA levels evolved in two steps during Mus evolution: acquisition of modest induction, characterized by M. caroli or M. hortulanus, occurred first and was followed by the appearance of stronger induction, characterized by M domesticus and M. spretus (Tseng-Crank and Berger 1987) . These steps probably represent different levels of regulation ( Tseng-Crank and Berger 1987; Rheaume et al. 1989) . Genetic experiments have shown that the inducibility difference between M. domesticus and M. hortulanus is due to a single Mendelian locus that is linked to the RP2 structural gene (Rheaume et al. 1989) .
In the present paper, we have compared the RP2 mRNA sequences in M. domesticus, M. caroli, and M. sa.xicola. The results indicate that the 4 I-kD polypeptide encoded by the mRNAs is physiologically functional. In addition, we have conducted cis/trans analysis of the variations in RP2 inducibility among Mus species and show that distinct genetic mechanisms are responsible for the relative lack of transcriptional induction in M. hortulanus and M. caroli, as compared with M. domesticus.
Material and Methods

Animals and Hormone Treatment
Mus domesticus (strain DBA/U) mice were purchased from the Jackson Laboratory (Bar Harbor, Maine). Mus hortulanus was obtained from Dr. Verne Chapman, Roswell Park Memorial Institute (Buffalo). Mus caroli was from the colony at the University of South Carolina. Mus saxicola was provided by Dr. Michael Potter under terms of a contract between the National Cancer Institute and Hazleton Laboratories, Inc. Heterozygous RP2d'h mice, carrying the RP2d and RP2h alleles of M. domesticus and M. hortulanus, respectively, were supplied by Dr. V. Chapman (Roswell Park Memorial Institute, Buffalo, N.Y.) . The animals were derived from the second backcross generation of an interspecific cross. To produce them, F1 hybrid females, generated by artificial insemination of M. domesticus females with M. hortulanus sperm, were inseminated with M. hortulanus sperm, and several RP2d'h males in the resulting population were identified by analysis of tail DNA (Rheaume et al. 1989 ). These were bred to M. hortulanus females, and RP2d/h progeny were analyzed as described in the text. A single male RP2d/C mouse, heterozygous for the RP2d and RP2' alleles of M. domesticus and M. caroli, respectively, was supplied by Dr. J. Rossant (University of Toronto, Toronto). The animal was produced by a mating between an M. domesticus c-) M. caroli chimeric female and an M domesticus male ). All of the 15 hybrids generated by this method were male . Testosterone treatment was by subcutaneous implantation of 30-mg pellets for 1 wk.
Cloning and Sequencing of cDNAs
Isolation of plasmid pJSB30, containing a full-length RP2 cDNA corresponding to the M. caroli transcript, has been described elsewhere (Rheaume et al. 1989 ). An M. saxicola cDNA was isolated from a liver cDNA library prepared in hgt 10 by using the protocols of Gubler and Hoffman ( 1983) , as outlined elsewhere (Rheaume et al. 1989) . Screening of the library was by the method of Benton and Davis ( 1973) ) using the insert of plasmid pCR1 (Rheaume et al. 1989) as probe. Positive plaques were purified, and the cDNA insert of one was subcloned into pTXTT-18 to generate plasmid pAC26. A cDNA corresponding to a portion of the RP2 mRNA from M. hortulanus was isolated from a liver cDNA library prepared as described above. Sequencing of both strands was performed by the chain-termination method, using Sequenasea, version 2.0 (U.S. Biochemical Corporation).
Cis/trans Testing by Primer Extension
Oligonucleotides for primer extension (see text) were synthesized on an Applied Biosystems 380B synthesizer, end-labeled with Y-~~P-ATP in the presence of T4 polynucleotide kinase, and purified by acrylamide gel electrophoresis. The labeled oligonucleotide ( -0.1 ng containing 100,000 cpm radioactivity) and 50 pg total RNA were coprecipitated in ethanol, and the pellets were dissolved in 30 ~10.17 M HEPES, pH 7.5, containing 1 M NaCl, and 0.33 mM sodium ethylenediaminetetraacetate. Samples were heated at 95°C for 1 min and annealed at 30°C for 18 h. Reverse transcription of the annealed samples was done using M-MLV reverse transcriptase (Bethesda Research Laboratories) in accordance with directions provided by the supplier; dideoxyTTP or dideoxyGTP was added in place of dTTP or dGTP, respectively, as denoted in the text (see fig. 3 ). Reactions mixtures were treated with RNaseA (20 pg/ml) for 30 min at 37°C extracted with phenol/chloroform, ethanol precipitated, and fractionated on an 8 M urea/ 12% polyacrylamide gel. The gel was dried, and radioactivity was observed by autoradiography.
Results
Sequence Analysis of RP2 cDNAs in A4us Species
The nucleotide sequences for the RP2 mRNAs of Mus domesticus have been reported elsewhere (Ring et al. 1986b ). The two major mRNAs, of lengths -2.1 kb and -1.5 kb, differ in their sites of poly( A) addition and contain an open reading frame of 357 codons (King et al. 1986a (King et al. , 1986b Tseng-Crank 1986) . Northern blot analyses have shown that most Mus species produce the same RNAs as does M. domesticus, although the more distantly related species M. saxicola and M. minutoides produce additional RNAs that are -3.0 kb in length (Tseng-Crank and Berger 1987) . To determine whether the open reading frame is conserved in Mus and to gain insight into the nature of the large RNAs in the divergent species, we isolated and sequenced RP2 cDNA clones corresponding to the mRNAs of M. caroli and M. saxicola.
Species-specific RP2 clones were isolated from liver cDNA libraries. Plasmid pKB30 contains a 1.8-kb cDNA representing the RP2 mRNA of A4. caroli (Rheaume et al. 1989) ; plasmid pAC26 contains a 2.6-kb cDNA insert corresponding to the RP2 mRNA of M. saxicola (for details, see Material and Methods). The sizes of these inserts indicated that, when the expected length of the poly(A) tail was taken into account, they were likely to be full-length or nearly full-length copies of the larger RP2 mRNA of each species.
The complete nucleotide sequences of the cDNAs in pKB30 and pAC26 were determined and compared with that of M. domesticus ( fig. 1 ) . Both the M. caroli and the M. saxicola sequences extend beyond the transcriptional start site determined for the M. domesticus transcript. As reported earlier on the basis of partial sequencing of the M. caroli mRNA, the 5' extended sequences represent RNA initiated from one or more constitutive promoters located upstream of the previously identified start site (Rheaume et al. 1989 ). The M. suxicolu mRNA contains nearly 700 additional nucleotides at its 3' end ( fig. 1) ) indicating that the unusually large mRNA produced by this species derives from utilization of a downstream poly(A) addition site during processing of the precursor RNA. Table 1 shows the extent of interspecies divergence for the RP2 mRNAs. In noncoding regions, the species differ by 6.9%-9.6%, while in coding regions they differ by only 3.1%-4.7% (table 1) . For all pairwise comparisons, divergence in noncoding regions is about twice that in coding regions, indicating that the latter is evolving more slowly than the former. The open reading frame of 357 codons is maintained among the species (fig. 2) . The corresponding amino acid sequences diverge by only 4.9%-6.7% ( fig. 2 and table 1 ). About 90% of the amino acid replacements are conservative, involving exchanges among chemically similar residues (table 1) .
Rates of Synonymous and Nonsynonymous Substitutions
Synonymous substitutions within the protein coding region of an mRNA do not change the amino acid sequence of a polypeptide; thus, they are relatively well tolerated and are generally considered to reflect the overall neutral rate of nucleotide sequence evolution (Kimura 1977 (Kimura , 1983 . In contrast, nonsynonymous substitutions are subject to selection, depending on the effects that particular amino acid changes have on a protein's function (Kimura 1983) . The ratio of the rate of evolution at synonymous sites to the rate at nonsynonymous sites is higher for proteins under more stringent purifying selection, reflecting the lack of tolerance of amino acid replacements.
The substitution rates at synonymous and nonsynonymous sites within the coding region of the RP2 mRNAs were determined in pairwise comparisons of the three MUS species, using a computer program developed by Li et al. ( 1985) . The synonymous rates ranged between 4.1 X 10e9 and 5.6 X 10d9 changes/site/year (table 2) , which is quite close to the average rate of 4.7 X 10 -9 changes/site/year, determined for a large number of mammalian proteins (Li et al. 1985 ) . The nonsynonymous rate was less than half the synonymous rate for each of the pairwise comparisons (table 2)) consistent with the RP2 polypeptide being under selection.
Cis/truns Analysis of Interspecies Differences in RP2 Inducibility
Androgen induction of renal RP2 mRNA concentrations is species specific. Although basal mRNA levels in untreated females do not differ among Mus species, levels in androgen-treated animals do, indicating pronounced interspecies variations in inducibility (Tseng-Crank et al. 1987) . These variations are associated with alterations in RP2 gene transcription rates (Rheaume et al. 1989) . To gain insight into the genetic mechanisms underlying the differences between an inducible species (i.e., M. domesticus) and two noninducible species (i.e., M. ho&anus and M. caroli), cis/ truns testing of RP2 mRNA expression was undertaken. Levels of species-specific FIG. 1 .-Sequence of RP2 mRNA in Mus species. The sequences from M. domesticus (Ring et al. 19866) , M. caroli, and M. saxicola are aligned. Numbering is based on the M. domesticus sequence and begins with the transcriptional start site (Ring et al. 1986; Rheaume et al. 1989) . The translational initiation codon is located at residues 42-44, while the termination codon is at residues 1 I 13-1115; both are overlined.
Sequence alterations in the M. caroli and M. saxicola transcripts, as compared with M. domesticus, are indicated; identities are indicated by dots (. .), and deletions are indicated by dashes (--). mRNAs were measured in androgen-treated heterozygous mice carrying an M. domesticus RP2 allele ( RP2d) and either an M. hortulanus (RP2 h, or an M. caroli (RP2C) allele. Primer extension assays were used to distinguish mRNAs encoded by the various alleles. The analyses were limited to hormone-induced mice, since the interspecies variations are observed in androgen-treated but not in control animals.
Heterozygous RP2d/h mice generated in an interspecific backcross (Rheaume et al. 1989 ; see Material and Methods) were used to examine the inducibility difference between AI. domesticus and M. hortulanus. Expression of the RP2 alleles can be distinguished in these animals by primer extension using an oligonucleotide complementary to the region between residues 984 and 1003 within the RP2 transcript (see fig. 1 ) . On the basis of cDNA sequence information ( fig. 1 ; K. W. Barbour, unpublished data), extension in the presence of dideoxyGTP in place of dGTP is expected to generate a 29-base product from the AI. domesticus mRNA and a 39-base product from the M. hortulanus mRNA, reflecting the C-T transition at residue 974 ( fig. 3,  top) . This is exactly what was observed experimentally (fig. 3, bottom) . Kidney RNA from androgen-treated M. domesticus ( RP2d'd) resulted in a 29-base extension product, while that from AI. hortulanus (RP2h'h) resulted in a 39-base product. The RP2d product was produced in about fivefold to sixfold greater amounts than was the RP2h product, as determined by elution and counting of the appropriate bands. This is consistent with the threefold to sevenfold higher level of the RP2 mRNAs in androgentreated M. domesticus, which is a consequence of the interspecies difference in the response of RP2 to androgens ( Tseng-Crank and Berger 1987; Rheaume et al. 1989 ) . RNA from androgen-treated heterozygous RP2d'h mice (Rheaume et al. 1989 ) produced both primer extension products ( fig. 3, bottom) ; the RP2d product was produced in about fivefold excess relative to the RP2 h product. Thus, the difference in expression of the two RP2 alleles in heterozygous animals reflects the difference between the species, indicating that the inducibility variation between M. domesticus and M. hortulanus is due to alteration at a cis-acting genetic element. This element was previously shown to be linked to the RP2 structural gene in an interspecific genetic cross (Rheaume et al. 1989) .
The availability of a limited number of heterozygous RP2d'c mice ( (--) of the RP2 alleles were independently measured by primer extension using an oligonucleotide complementary to the region between nucleotides 175 and 194 (see fig.  1 ). Here, extension in the presence of dideoxyTTP in place of dTTP is expected to result in a 40-base product with RNA from ikl. domesticus ( RP2d'd) and in a 30-base product with RNA from M caroli (RP2"'); this difference reflects the G-*A transition at residue 164 ( fig. 4, top) . As seen in figure 4 (bottom) , the 40-base product of M. domesticus was produced in 12-fold greater amounts than was the 30-base product of M. caroli, a finding consistent with the approximately lo-fold difference in RP2 mRNA inducibility between the species (Tseng-Crank and Berger 1987; Rheaume et al. 1989) . When RNA from an androgen-treated heterozygous RP2d'c mouse Tseng-Crank and Berger 1987) was used, both extension products were produced in nearly equal amounts (fig. 4, bottom) . In several experiments, the ratio of RP2d expression to RP2C expression was 0.7-l .9 (data not shown), clearly different from the approximately lo-fold difference between the two species. Thus, in contrast to the situation in M. hortulanus, reduced RP2 inducibility in M. caroli is due to an altered trans-acting genetic factor.
We conclude, on the basis of cis/trans testing, that in AI. hortulanus and M. caroli the RP2 gene's relative resistance to transcriptional induction by androgens results from distinct genetic events in the two species. While the absence of induction NOTE.-FOT each species pair, the changes per site at both synonymous and nonsynonymous sites were determined using the computer program of Li et al. (1985) . Mean f SE rates of evolution, in changes per site per year, were calculated on the assumption that the M. domesficus/M caroli split occurred 5 Mya and that M. saxida split from the others 10 Mya (see Tseng-Crank and Berger 1987). in M. hortulanus is due to a genetic element that acts cis, that in M. caroli is due to an element that acts trans.
Discussion
The RP2 gene represents one of several androgen-responsive genes in the mouse kidney. This group includes the genes encoding P-glucuronidase, ornithine decarboxylase, alcohol dehydrogenase, kidney androgen-regulated protein, and others (Berger et al. 1984; Felder et al. 1988; Berger and Watson 1989; Paigen 1989; Meseguer and Catterall 1990) . Because, among species within the genus Mus, these genes vary so widely in their responses to androgens, they have become important models for the study of the genetics and evolution of androgen-regulated gene expression (Paigen 1989; Berger and Watson 1989) . The interspecies differences offer opportunities to identify regulatory elements governing steroid hormone control of gene expression, to characterize their modes of action, and to define the changes they undergo during the evolutionary modification of the hormone response phenotype.
In the present study, we have compared RP2 mRNA sequences in three Mus species. In M. saxicola, which produces an unusually long mRNA ( Tseng-Crank and Berger 1987), the transcript is extended by -700 bases at the 3' end, relative to that in the other species ( fig. 1) . It is likely that this extension results from the utilization of a downstream poly(A) addition site. Two potential polyadenylation signals, AAUUAA and AUUAAA, were found just upstream of nucleotide 183 1, which is the poly(A) addition site for the M. domesticus transcript (Ring et al. 1986~) . Both signals are similar to the AAUAAA motif that is considered to be the major determinant of cleavage/polyadenylation in eukaryotic cells (Wickens and Stephenson 1984; Birnstiel et al. 1985) ; however, it is not known whether one or both of these AAUAAAlike motifs within the RP2 mRNA govern poly( A) addition. It is interesting that the M. saxicolu transcript contains a nine-base deletion that removes one of these hexanucleotides ( fig. 1) . It is feasible that cleavage/polyadenylation at nucleotide 183 1 requires both signals and that deletion of one of them reduces the processing efficiency enough to allow the 3'-extended products of downstream poly( A) addition to become prevalent. A survey of a large number of mRNA sequences has shown that both AAUUAA and AUUAAA can, indeed, act as processing signals (Wickens and Stephenson 1984) . response to androgens. These changes could be within a binding site for either the androgen receptor or other transcriptional activators involved in the induction response.
The inducibility difference between A4. domesticus and M. caroli, on the other hand, derives from alteration at a trans-acting locus, implicating a role for one or more diffusable regulatory factors. An obvious candidate for such a factor is the androgen receptor. Normal levels of the receptor have been measured in M. caroli kidney (Ho&en et al. 1986; Wilson et al. 1988 ) ; in addition, other androgen-regulated renal gene products, such as omithine decarboxylase and alcohol dehydrogenase, are fully inducible in this species (Tseng-Crank et al. 1988; M. R. Felder, personal communication) . Thus, it is unlikely that major changes in the structure or concentration of the androgen receptor are responsible for the relative absence of induction in M. caroli; however, the existence of subtle structural alterations in the receptor that exert gene-specific effects cannot be ruled out. Recently, we have identified a DNA binding factor in M. caroli kidney nuclei that, in response to androgens, displaces a preexisting factor within the RP2 promoter (Rhee et al. 199 1) . We have suggested the possibility that this displacement, which occurs only in M. caroli and only on treatment with androgens, attentuates the androgen receptor-mediated activation of RP2 transcription. According to this model, the trans-acting genetic factor responsible for the inducibility difference between M. domesticus and A4. caroli may act as a dominant repressor of hormonal activation. Current experiments are focusing on the potential role that the receptor and other DNA binding factors have in the RP2 induction phenotype of M.
caroli.
The physiological role of androgen-inducible gene expression in mouse kidney is unknown (Tseng-Crank et al. 1988; Paigen 1989) . It is therefore difficult to ascertain the selective forces, if any, that might be driving the acquisition of species-specific inducibility phenotypes for this group of genes. Nevertheless, the present study indicates that at least three distinct types of molecular machinery for regulation of RP2 gene transcription have been fixed during evolution of the Mus genus. One type, i.e., that in M. domesticus, mediates the gene's response to androgens. Two additional types, one in M. hortulanus and another in M. caroli, are each associated with minimal, if any, induction. The existence of the latter two types, which generate similar levels of androgen-independent expression, suggests that gene expression phenotypes can be maintained in separate species by very different molecular mechanisms. Thus, while species-specific alterations in gene expression necessarily reflect evolutionarily derived changes in a gene's regulatory machinery, it may be quite common to find expression patterns that are similar in different species yet are derived from distinct molecular mechanisms. It will be interesting to determine just how many mechanisms exist for regulation of the RP2 gene within the Mus genus. Has each species fixed a different mechanism, or are there a limited number of mechanisms distributed throughout the genus? Future studies should provide answers to these and other questions.
